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FIGUR E CAPTI ONS

Figure Ia, b. Theoretical water vapor absorption based on the Gross
line shape formula with laser frequencies in the gaps
shown by arrows.

Figure 2. Block diagram of th e FIR laser spectrometer: m , mirrors ;
C, grating ; L, lens; SA , spectrum analyzer; PZT piezo—
electric transducer; C, chopper;  D , detectors ; BS , beam—
splitters ; FP, Fabry—Perot intcrferometer; S, water vapor
sample; LI , lock—in amp l i f i e r ;  HA , d igi ta l  ra t iomete r ;
FS , frequency stabilizer , SC, stripchart recorder; OAD,
opto—acoustic detector.

Figure 3. The measured water vapor absorption at 43.649 cm~~.
Theoretical absorption shown by X ’s for comparison . -

- 

-

Figure 4. Density dependence of excess absorption at 43.649 cm ’.
Straight lines fitted by weighted least squares. 

—

Figure 5. Observed excess absorption coefficients divided by den—
s i t y  squared for each laser frequency .
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DI GEST OF THE FOURTH INTERNATIONA L CONFERENCE ON
- , INFRARED AND MILLIMETER WAVES , MIAMI BEACH , FLORIDA ,

10— 15 DECEMBER , 1979

• 
VAR-INFRARED LASER SPECTROSCOPY OP WATE R VAPOR A2~D LIQt~ID uATER’

0. A. Simpson and S. Perkowi ts
Physics Departm ent

Emory Un iversit y
Atl ant a. t orgia ~0I .~2 U .S .A .

R . A. lander and J . 1. tlallagher
En g ineer ing Experimen t Station
(~eorgia Inst i tut i . of Technology

A t l a n t a , Georgia  30332 U.S.A.

I n t rod u c t ion  The predic ted a bs or p t i on  was cal c ul a t e d at

- each lase’r frequency using the l in e shapeWe have used a fa r  i n f r a red  }IR )  o p t i c a l l Y  - - -formula g i v e n  b~ i- rosspumped lase r to measure bot h the ref l ect ion and -

trans m issio n of  liquid water and the absorp t ion
by w ater vapor of radiation in the spectr al re— K ( v)  — 

~~~~~~~~~~~~~gion be twvn i~.22 and 17S.7 cm~~ . The pumpe d -

laser is a unique feature of our measurements . f o r the contribut ion of a line cen tered atThe high powe r of this device gives a sign a l—to— - .t r , ,,enev v , to th e absorpt ion c o e f f i c i e n t  K at
noise rati o which is superior to that availabl e - , 

~~~freq uency v . Here ~S is the h a lf—width at halt
from broadband FIR source s. -

maximum , a is the line intensi t y , and n is the , -

The optical data for liquid water were used ab sorbing medium number den sity . The w ater  line
to deter min , the complex refractive index frequenci es , in ten sities, and in it t . ; l s t a t e
n — i k  [ I ) .  Data b r  measured absorp tion by water energie s were taken from the AFG L 16 1 tshl e  w i t h
vap or were ~-ot spared with calculation s of pre— self—broadening line width coe ff i c ien ts taken
dic ted absorption based on the line shape from calculati ons by R en ed ie t and Kaplan ‘ -

for mula give n by Gross. Our measured sb sorpti o~1s The modificati o n of line paran eter- for t e’r r~-
are in excess of the t h eo r e t i c a l  value s at each tur e and pre ssure was done as descr ibed in the
of the lase r  frequencies and at all pressure s . AFGL table with the exception ~‘t the temper a ture

~ependent exponent ot the tine widths , which
E xperiment al  Meth ods and R e su l t s  wt ’e d- -tcrni ine d sep a r s te l ~ for  each line t rom

v.,lues of w id th  tabu lated at two temperatu res by
The FIR laser  was of the wavegu ide type and .- Benedict and Kap la n.has been described elsewhe re l — l J .  A r a t i o in g

process using two d e t e c t o r s  wa s he lpfu l  in The excess abs orpti on co e f f i c i e n t  was
el iminat ing any f l uc tu a t i ons  in the FIR powe r ca lcu la ted  according to the equ a t ion
a r i s i ng  f r o m  laser  i n s t a b i l i t i e s .

Fr ee suyf~ ce measure ment s of the re t lec— ~ exct’ qq —

t ion c o e f f i c i e n t  ‘1 were made on d i s t i l l e d  water where L is the pa th len gth  and T ~nd T are theat ..S + 1°C for near norma l incidence w i t h  tI C ---- measured and t hc ore t lc . , l  t ta ns miss ion respectt ve—t y p ica l  random errors under I . .  An a d j u stab le- - lv .  Mea sured values of the w s t c r  vapo r ahso rp — - - -pa thl en gt h cell  was used to determine values of - — lt ion at 43 . 6 4 9  cm are shown in Fig .  - as rn -
~ -the liquid water trans mission a t incremen ts of - --exam p l e , together with the pred ic ted abso~~’t ion - - -

S tim to an accurac y of  I ti m ove r an average .based on the .r i’ss l ine  shape . The observedchange in p a t h l en g t h  of 60 ti m. The Lam bert —excess absor ption, norm alized by the densi t y
absorption c o e f f i c i e n t  a was determined at each *

- squared is shown in F i g .  I f or  each of th e l ise~laser f requ ency t liv l,~ast sq uare s fittings and- t requenctes.
used to calculate values of K — ~/4sf , Each
K wi th the appropriat e S was used to determine Cm -li i * i  -
n from the normal Incidence rela tion. The
resul ts  for n are sho wn in Fig .  1. The FIR laser  has m .sde it po ssibl e to obtain

high l y  preci se  data in l i q u i d  v~~t .- i .  The l iqu idMe asurements of the absorption hr w a te r data cover a hvoader ran ge then  the v~ su t t s  ~ t
vapor wer, performed us ing i s t ra igh t glass -

- -~ Afsar ( 8 ~~. hut  agree well where the y ovet lap .p ipe  absorption cell of length 3. 44 m and -- - - These two sets of laser da ta are the dcl m i n ce
diame ter 10 cm. Di s tilled water was evapor ated

- FIR resul ts on l i q ui d  wat er to  d ate.and Introduced into the cell through a pert o -

f rated tube running the cell length. To measure The ~teriv ,.d excess abs orpt ions of w .itet
tran smission the output from a C~’t~ y de tector vapor extcnd the frequen cy t i n - o t  *‘the t
pre ceed ing the absorption cell was el e ctronic a ll y published data ob t itned with Fourier spec trom—
divid e d i n t o  the ou t p u t  of .mnothe r Golay d~ tec— eters (Q .lOl and HCN lasers (10 ,111 and pr ovi de
tor following the ce l l. The quoti ent of the two new informa tion in the sp ec tral region betwe en
ra tios for transmis sion through the evac uated 60 and lOS cm 1 .
ce l l  and for various water vapor pressures y i el d—- *This work was parti a lly supported liv the Army
.d the measured wR tcr  vapor Power t rs n~~i t ss ion  Research Offic e. 

- - -

_ _ _ _
_____________ 

-

~~~



________________ - -- 
_~~~~~~-,- -r -

- - - 

I

11 0. ~~. Simp son , B. L . Bean , and S. P. ’rko- I I 
43~~4~ ~ —

wi t z , 3. Op t. Soc • Am. • in press. 33 -sIO ~1 B. L. Bean and S. Perkovi tt , App l. Opt .
lb . ~~~~ (1976) .  -

~1 B. L . Bean and S. Perkowit~ , J. Opt. Soc.
A.. t~’, 9 I l — 9 l ~ ( l o 7 ~~l . 2S -

( .  - 
E. P. i rm mss , Phvs . Rev. Q’ , 395—403 (1Q55) .

n 2 O  P
( S i  R . 3. Emery . App I. Op t. 7 , l24~ (1968).

— (c ’ S. A. ‘t~-Ctatc hev , 14. S. Bened ict , S. A. U -

Clough , 0. E . Bu tch , S. F. Ca lfee , K.
Fox , 1.. S. Rothmann . and 3. S. Caring, 

~~ 
-

AFCRL Atmospheric Absorption Line •
Param eters Compil ation , AFCRL Repor t - 4 .

A FC RL- T R-73—OO Q(m(l4tm~~~. •

(? 14. S. Benedict ~nd I . 0. Kaplan . 3. ~1 I & I I —I

Quant .  Spectros. R~di at. Tr:nsfer 4 , 0 1 4 1 $ SO 51 54 Sl
451-.t’O (l’t c’~~ . PlI ~~~UtE (TOB s~

(s M . N. A fa ar and J, B. Hasted , In f r a r ed
Physics  iS . 815 I1Q ’ SI . Fig, 2. The raaure d wa ter vapor absorption

(Q ’ D . 8. Burch , 3. Opt. Soc . Am. 58, at 43.649 cm . Theoretical absorption shown

1383—11 °- . (1968). by X a for comparison.

t 1 o~ R. A. Bohiander , Ph.D. Thesis. Imperial
College o. Science and Technology . Un ive r—
st tv of Lo mdon ( 10701 .

(111 14. ~t Burroughs , S. C. Jones , and H. A.
(lebbie. 3. Quant . Spectroac . Radi at .
T r a n s f e r  ° . 809—824 (1969) .

- -I- 

a •Ie~

~~2 2  - 

. * * ~~~~~~~~~~~~~~~~~~~~~~~ .~~~ .1
S ie so ~ ee ls ae se so .e lee

I 8 - - 
PSI DUINCY (,s. ’)

S -

4 
Fig. 3. Observed excess absorp tion coefficients

- divided by densi ty squared for each laser
frequency.

10 . 1 .  . 1  — . . I  -

0 40 80 120 60 200 -

FREQUENCY (c m ~~
)

Fig . 1. Laser r esults for the real part of the
index of refrac tion of liquid water at 5°C. The
symbols (or the laser experimental point s are
slightly lar ger than the typic al random errors.

—-*.~--*- z_ _ ~~~~



_ _ _ _ _ _  
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~~~~~~~~

-
~- - -- ‘

~~~~~~~

~~~~~~~~~~~~~~~~~~~~ 
_~~~P... -es~~ sc--~~ *5~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L

Excess Absorption by Water Vapor and

Comparison with Theoretical Dimer Absorption

R. A. Bohiander
Appleton Laboratory, Slough , England

Present address: Georgia Institute of Technology - -
Engineering Experiment Station

Atlanta, Georgia 30332 - - -

R. J. Emery and D. T. Liewellyn—Jones

L 

Appleton Laboratory , Slough , England

C.. C.. Ginunestad
University of Colorado , Boulder , Colorado

Present address: Michigan Technological University
Keweenaw Research Center , Houghton , MIchigan 49931

H. A. Gebbie
Imperial College of Science and Technology

University of London, London, England 
-~~~

0. A. Simpson and J. J. Gallagher
Georgia Institute of Technology
Engineering Experiment Station

Atlanta, Georgia 30332

S. Perkowits
Department of Physics

Emory University
A tlan ta , Georgia 30332



-~ -~ 

- - -
~~~~~~~~ -~~~~~ --—-~~~~--

_______________________ - - - - . - ---&~~~~~~~~~m~~~~~~~~~~~~~~ 
- -— .___~~~~.- ~~~~~~~~~ 

- - -  
—

ABSTRACT

Absorption by water vapor has been measured in wavenuniber ranges from8 to 105 cm~~ and 300 to 600 cm 1 . The excess over prediction with the Crossline shape has been compared with theoretical dimer absorption. The tempera-
ture dependence and over—all magnitude of excess absorption are in reasonableagreement wi th predic t ion for dimers , but the shape is different. The lim,tta—tions of the present theory of dimer absorption are discussed .

•
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1. Introduction

It is veil— known that established line shape formulas based on an impact
approximation are unable to predict molecular absorption in the wings of ab—

sorption lines. In the case of water , observed absorption has been found to
exceed prediction in the gaps between lines f rem the microwave to the infrared

regions of the spectrum . The desire for a better theoretical model has been
spurred by interest in the propagation of radiation through water vapor in the

atmosphere.

To get an improved theory of the shape of water vapor absorption lines ,
more detailed informa tion about molecular interactions during collisions will
be needed than is available at the present time. Since two water molecules

can form a weak hydrogen bond , duiners have also been suggested (Viktorova and
Zhevakin 1967, 1971, 1975) as another possible source of excess absorption.
This paper reports studies of excess absorption in the laboratory in the

wavenumber ranges 8 to 105 cm
_ i 

and 300 to 600 cm~~, and comparisons are made

with a calculated theoretical spectrum of water dimers. This is in the

nature of a progress report and is not -a definitive test of whether dimers

are important since there are significant limitations in our understanding of

dimer structure at normal temperatures . Many of the details of this study
have been given in the thesis of Bohiander (1979) and further publications

— 
- will follow.

2. Excess Absorption—Definition

One cannot measure excess absorption per se: it is the difference

between observed absorption and prediction based on a line shape formula.

Thus it is important to define carefully how the prediction is made. We

have used the parameters for the frequency , intensity, and widths of lines

- - given by flcClatchey et al. (1973), Benedict and Kaplan (1963) , Plaud ,
• Cainy—Peyret and co—workers (1976 , 1977), and Toth and Margolis (1975).

Co~~only used line shape formulas are the Gross or kinetic line shape formula
- 

(Gross 1953) , the Van Vleck—Weisskopf formula, and the modified Lorentz
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fo rmula (Van Vieck and Weisskop f 1945) , and from these there is little to
choose theoretically. They all invoke the key assumption that collisions are

instantaneous. We have chosen the Cross formula. Numerical results with the

formulas mentioned are negligibly different in the wavenumber range studied

except with the Van Vleck—Weis skopf formula below 15 cm 1. It predicts

somewhat less absorption , but the conclusions of this paper would not be

changed if this formula had been used.

Preliminary predictions of the absorption spectrum were made including

all the pure rotation band lines in the calculation. We then made shortened

tab les of lines from which predictions in 50 crn~~ intervals diff ered negligi-

bly from a full calculation. In this way typically 400 and no more than 700

lines were needed at any given frequency for subsequent calculations , corn—

pared with 2600 pure rotation lines below 700 cm
1 

in the complete tabulation

we used . —

Some workers have used much more abbreviated lists of lines in their
calculation of the pure rotation line absorption (see eg. Burch 1968; Burch ‘ 

-

et al. 1974; Frenkel and Wood 1964; Gaut and Relfenstein 1971): they have

selected only lines near the frequency of interest. Excess absorption in

this case varies slowly with frequency and can be incorporated in an easy—to—

use empirical formula to predict absorption. However, in physical terms ,
these selections of lines are rather arbitrary and cause confusion when

values of excess absorption are compared, since allowance must be made for the
various omissions of absorption lines. Moreover , observations have shown

that some of the empirical formulations have oversimplified the dependence

of absorption on the water vapor density and temperature. We have determined

these dependences fr om observations and will consider them in relation to the
dimer model .

5The tolerance was 0.2 dB/kin for a water vapor density of 26 g m 3.

38

- ~~~~~~~~~~~ ~ - ~~~~~~~~~~~~ ~~~~~~~~~~~~ -



—-
~ 

—w------. —

3. Theoretical Dimer Absorption —

We have made theoretical calculations of the absorption spectrum of dimers ~ -

from existing information about their structure . A number of theoretical I
chemists have made molecular orbital calculations in order to find the hydrogen -~

bond energy and the most stable structure, shown in Figure 1. Dill et al. 
-

(1975) give a useful review, and more recent work is described by Matsuoka
et al. (1976). These predictions were found to be consistent with high res-

olution measurements (Dyke et al., 1977) of microwave tr ansitions between

rotation levels in the ground vibrational state of dimers in molecular beams. -

Therefore , the ground vibrational state appears to be well—understood in terms
of the predicted lowest energy structure .

Since the hydrogen bond is weak, the water dimor has low—lying vibration -

levels , and only four percent of the population is estimated to be in the
ground vibrational state at normai. temperatures. Thus it is an importan t - -

question whether dimers retain approximately the lowest energy configuration
*at these temperatures . Using an empirical mode]. of the potential energy be— -

tween two water molecules , Owicki , Shipman and Scheraga (1975) have concluded
that barriers to internal rotation are low. In this situation the orientations
of the two water molecules in a dimer would not be well—confined to configura—
tions near the lowest energy one. We felt it was probably premature, and was 

-

in any case a difficult problem, to try to calculate a theoretic-al dimer spec— 
-

t rum that would take account of internal rotation. Rather we have calculated
a theoretical spectrum for the more tractable case in which the dimer is assumed
to undergo rigid rotation and small—amplitude harmonic vibration . Comparison -

with the spectrum of excess absorption in water vapor has been used as a test
of this theory and as an indication whether there may be the need to consider
internal rotation .

The dimer ’s expected pure rotation band in the rigid rotor approximation
comes at a low frequency because the dipole moment (2.6 D) measured by Dyke
et al. (1977) was found to be nearly parallel to the line between the heavy -

L oxygen atoms . The peak of the predicted band is at 16 cm~ (480 CRz ) as shown

L 

in Figure 2. One might expect the spectrum to be almost that of a symmetric
top with a rotation inertial constant of 0.2 cm ’ and with only small pertur—
bations due to the light hydrogen atoms. Early calculations of the diiner

- 
- - 

.
~ spectrum were made on that basis (Viktorova and Zhevakin 1967, 1971, 1975;

*Electrons and nuclei were placed in fixed positions to reproduce the dipole
- 

- moment of water and the structure of ice.
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Braun and Leidecker 1974) . However , molecular beam studies (Dyke et al. 1977)

have shown a much more complicated spectrum below 1.6 cm ’(48 GHz). This is

attributed to inversion tunnelling, but few assignments of the observed lines
have been made. Therefore, we have not attempted to calculate rotational

structure in detail and have used smoothed band contours.
The r emainder of the predicted absorption is assigned to six intermolecu—

lar vibration modes involving the hydrogen bond . We have calculated the normal

intermolecular vibrational frequencies for the dimer from a recent molecular
orbi tal study of intermolecular potential energy (Matsuoka et al., 1976).
Most of the modes involve partial rotation of the monomers within the diner,

and, since this causes large dipole moment oscillations, the predicted absorp—
tion intensity is large. Intensities were calculated with the assumption that

the charge distribution remains fixed on the monomer units during vibra—
**tions. 

— 
—

In addition, we need to know the number density of diners to be able to
calculate their absorption in dB/km. Although diners have been observed in

molecular beams, we know nothing from this about equilibrium concentrations.
These we have estimated in the usual way (see e.g. Bolander et al. 1969) from

experimental values of the second virial coefficient (Goff and Gratch, 1946).

Typical calculated dimer concentrations are of the order of a part in 1000 of

the monomer concentration. Uncertainties in the theory on which these calcula-

tions are based will be discussed later. Diner concentrations are propor—

tional to the square of the water vapor density, and their dependence on
temperature Is determined by the hydrogen bond energy. The bes t theoret ical
values of the latter are around .15 to .16 eV; the value estimated from the
temperatur e dependence of the second virial coefficient is 0.12 eV (Boblander ,
1979) .

*There is fairly good agreement between the vibration force constants from

this study and those from other recent molecular orbital studies (Cur tiss and
Pople 1975; Kistenmacher et al. 1974) .

Values of the frequencies and intensities are also in reasonable agreement
with those found by Owicki et al. (1975) using an empirical potential energy
model.
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4. Observations in the Laboratory

Th. spectral ranges that are most accessible to experimental study are in -

th. wings of the monomer pure rotat ion band and include the predicted diner
- ‘ pure rotation band and the predicted bands for hydrogen bond bending .

We have studied water vapor without a foreign broadening gas sinc, this
would give the widest possible spectral ranges in which to search for diner

— absorption. Uncertainties in the theory of collision broadening by a foreign

gas are also avoided .

We began the study using Fourier transform spectroscopy and wide-band 
-

radia tion taken from Mercury lamp or glow bar sources . Helium—cooled bob -
meters and Golay cell detectors were used. For the spectral ranges 12 to SO

cm ’ and 300 to 600 cm 1, White—type absorption cells provided path lengths
between 20 and ~ 0 meters . A selection of observed spectra is given in Pig-

ure 3. They represent one minus the rat io of spectra obtained with a sample

and with a vacuum in the absorption cell. The dashed curves show expected
monomer absorption . One can see tha t in the gaps between lines in these
wavenumber ranges , excess absorption is a considerable fraction of the total.

Whether the excess absorption was due to collisions between two molecules or

due to dimers, It was expected that it would be proportiona l to the density
squared , and this was found to be true within experimental certainty .

Due to the presence of numerous strong monomer lines , one can get only a

fragmentary picture of the excess absorption ’s spectral shape , as shown for
the near millimeter region in Figure 4. Some results of Burch (1968) and

Burroughs et ii. (1969) are shown to be in good agreement . Measurements

were also made by one of us (DL..T) with an HCN maser and are shown In the
figure at 29.7 cm ’. Some of these measurements were made with a large

untuned cavity which Liewellyn—Jones will discuss elsewhere in these

proceedings . He will also present further data in the range 2 to 15 cm~~
obtaine d with thu facility .

At Georgia Tech and Emory University , two of us (0. A. S. and S. P.)  
-

have embarke d on n w  measure ments with an optically pumped laser described
elsewhere (Bean and Perkowita 1976, 1977). Preliminary results are shown
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with solid circles. There is the potential for more precise measurements be-

cause of the power and stability of the laser, and , as shown, this is being
used to extend the frequency range covered. The absorption cell is a straight
pipe 3.4 m long designe d to be used with a single pass through it .  However.
there has been difficulty in eliminating multiple passes arising from stray

reflections. This has been largely corrected with baffles , but there is pos-
sibly a residual ef fec t  which may explain why tht ’sL - d.~t .i show somowhat la~~ et
excess absorption at lower vavenumbers than previous dat a.

The Integral of the observed excess absorption shown in Figure 4 is about

the same as that pred icted by the dimer model , but the shape of the spectrum

is different . This is also true for the higher wavenumber range studied

(Figure 5). Here observed excess absorption is represented by a smooth curve

that fits our data and that of Burch et al. (1974) within the experimental

uncertainty. As previously noted by Roberts et al. (1976) , this seems to

have the form of an exponential decrease with frequency in the range 300 to

600 cm~~. Further discussion of the shape of excess absorption will be given,

following consideration of the observed temperature dependencE .

Typical results in the low and high frequency regions are given in Figure

6. The excess absorption data are plotted in this way to find the value of

the energy E that characterizes the temperature dependence; this in turn can

be compared with the estimated diner energy of formation. The dotted lines

show the temperature dep endence of the predicted monomer component of the

absorption. This is governed mainly by the Boltzmann distribution of the

energy levels from which nearby absor ption transitions arise; the slope

therefore switches sign from one side of the monomer pure rotation band to

the other. The temperature dependence of the excess absorption is more nearly

uniform . Values of E given in Figure 7 are near the d imer energy of formation

estimated from the t emperatur e dependence of the second vir lal coeff icient

(Bolander et al. 1969 ; Bohlan der , 1979) .

5. Discussion

There are in general terms two possible ways of interpreting the dis-

crepancy between the shape of observed excess absorption and that of predicted

diner absorption:
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I
(1) Dimers at normal temperatures may have significantly different mean

structures than they have at low temperatures, or
(2) The contributions by dimers to the excess absorption may be less in—

portent than possible contributions by unbound molecular pair ., i.e., there
may be additional collision broadening of monomer lines.

Although hydrogen—bonded complexes are floppy species, it was not entirely -

unreasonable to try the assumption that water dimers vibrate harmonically with
small amplitudes. Thomas (1975) has found vibration bands of the complex
HP which were easily recognizable despite some anharmonicity. Of course , H

2
0—

HP has a much higher binding energy than the water diner (an energy of forms—
tion of 0.3 eV instead of 0.12 eV) , and this may mean that barriers to in—
ternal rotation are also higher. If water dimers have low barriers to internal
rotation , thi s type of internal motion could be more important than vibration ,
and the mean dimer structure could be significantly different than it is at
low temperatures. In studies of the more weakly bound van der Waals’ complexes, - - 

-

• examples have been found of vibrating species , of internally rotating species ,
and of intermediate cases (Ewing 1976). According to the theoretical study
made of barriers of internal rotation by Owicki et al. (1975) , mentioned earlier ,
there are five barriers and three of them have heights less than 100 cm~~.
Since 1/2 kT is of this order, it is likely that internal rotation is important

at normal temperatures. Further exploration of the barriers with molecular

orbital methods would be of interest.
The other principal as5umption we have made in calculating theoretical

diner absorption is that the second virial coefficient of water vapor is
entirely due to the presence of diners, and on this assumption we have esti-

mated the concentration of diners. It is interesting that the excess absorp—

tion derived from observations is similar in magnitude to the predicted diner -
-

absorption. However, the principle of spectroscopic stability can be applied

here according to rules given by Gordon (1963), and one finds that any pair
- 

- of water molecules, whether they are bound or unbound , will have about the

same integrated absorption cross—section at frequencies in the far infrared
(below the frequencies of the vibration bands of the monomer). It follows

that we are not able to say from our measurements whether the second vin ci
coefficient and the excess absorption are due to bound or unbound species.
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Present theories discount the importance of unbound pa irs at no rma l
temperatures , but there are some simplificationa made . For molecules with a
spheric ally sytm netric form of poten t ial energy , Stogry n and H irs chfe lder
(1959) have shown that diners are respons ible for nearly all of the second
vinial coefficient when the diner bind ing energ y exceeds kT. In the case
of water , the energy of dimer formation is more than 4kT , but it is not
known whether the generaliz ation of Stogryn and Hirachfelder can be extended
to the case of molecules of low symmetry , such as water . Ca lculatj on~q of
dimer concentrations may also be done from a knowledge of the intermolecular
potential energy (Vlktorova and Zhevakln 1971; Braun and Leideck er 1974; Lane
1975; Lie and Clementi 1976: Bohiander 1979). While reasonable agreement
with experimental values of the second virial coefficient have been obtained
in recent calculations, much uncertainty remains about the reliability of
the approximatfona made. Therefore , the possibility of a significant
contribution by unbound pairs to excess absorption canno t be ruled out .

6. Conclusions

(1) We have found that excess absorption by water vapor is similar in
magnitude to predicted diner absorption and has a similar temperature
dependence.

(2) There are large discrepancies between the shape of excess absorp-
tion and tha t predi cted for diners .

(3) Further th eoretical work is needed on internal r otatio n in dimer s
and on the theore tical CO nCen t ra t iona ofd imer s at normal t emper ature s.
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ABSORPTION SPECTRUM OF WATER VAPOR
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inf rared wave lengths. SOliut’ 01 t t t , ’ 1 istotI ,%:IV,lttt O f t ’S m ight be t I t t o o t  10111 1; thug , wite~t e’es I t t, ’best 01 HF ar-ed opt t o t a l I .‘citn L t f n t .s  can hr combined ta t  P4MM w,jv,’ 1c ’it ’u t i m , t it is can tI ~.0 I’ .-
cons idr ied a it e-c t -ss  n y  Lo-co t lom ’  of the rts I ore  01 the ot ’ t ’ ; - t  I aT i on i t l i t  - t t i I  the 01 b i t - I  han d ,
d isadvantages such as compone’ltt t1t ’1 to  te’lIO it ’s  and tack of data w il l  be i e’ :Ito’ e’d ot I e’ i tto t . ’i
as work progresses at NMM wav ,’lt’ itniths .

Whereas severa l of the NMMW ctj gadvant ages can be c’xpc ’:t  ed t o  d imitti ab , ti n- 1 inn t i t t

fac t or f o b  system s app licat ions is the atmospher ic e f t o c ’t , w h i c h cannot be- t a \ ’ t i t ’ t .  ‘I’ll,’
fact or e~~ R , where o is the atmospheric at tenuat ion and It is the weapolt-ttI I. ’t bang-c , is
present in al l propagat ion expressions ,  in the analys is and dtscu~ sto na ~ t NM M W sy s t e ms ,
their perf ormance is dominated by their capabi lity  t o  ~l’,’r ate undet 1,11 t O ilS  atmosphet t o
conditions. S j Ib ,’ the ma ion ro It’ I or NMNW tac t ica l  systems W i l l  be dot t I l t 1110 1 (-t l t , ’nt
weather or in the presence of smoke, the character ist ics  of a NMMW system , whoit such OOlt-
ditions preva il, are ext reme ly important .

Table 1. Ad~~ p,~.~ j es for  Nt.V4W Region Re1at i~ t~’ M t ’ri w ave h’e’~~toIt

1. l f l ea te r  Reso lution
2. Smaller Beam Angle ~~~f o r  ~;tven Antenna Diameter , 0 , and Conversely Snlaile’t I) t ’ t  t 1 1 e ’ l t  —

‘‘It
3. Reduced Plultipath Potent ially improved Low-Angle Tracking
4. 1.0w Ott -ax is  Detectability Providing High Security
S~~ Covertness Due to Exponential Fa l l—of f  Wi th Raliqe’ in High Attenuat ion Hogiolta
6. Trac king Through Plumes Improved Over Microwave Systems
7. Smaller Components Al lowing More Compact On-board Miss i le  Systems
8. Clutter More Di f fuse , Doppler Shif t  ii Greater , Gl int Should be 1,ess
~. Integration of Hybrid IRJNMMW Systems Possible
10. Countermeasures More Difficult

Table 2. Advantages or N MMW_~~~j~on Rela t ive  to Oj itinal h-h’1ion

1. improved Transm ission in Smoke and Foq , Ptov t t l inq Bet ter Low Visibi i tt  y Ofi,-t tat ton
2. Harder to Jam ; More Covert
3. improved Eye Safe ty
4. Better Coherent Receiver Techniques
5. Source Stabili,~,at ion More Easily Pet-formed
6. Potentially Lower Cost
7. Reduced Background
8. Both HF and Optical Technolony Applicable

Table 3. Disadvan~~~~~s for NMMW Rei~ion Rela t  tV t ’  t o  Mt~~ t OW ,i\0 Ht- tf it ’ll

1. Poor Heavy Rain Transmission
2 .  Atmospheric (clear) Absorption is h igher
3. Larger Rain B a ck s c o t t e r
4.  Ci.rrent Receiver No ise Fiqures ate ’ Poorer
‘~~. Higher Precision M a n u f a c tu r in g Required
6. Solid State Source F.f f io ienctes Fall as Frequency Squared
7, Poorer Source Stability
8. Infer ior W,avt-quide Power Handling Capability
9. Higher Cost for NMMW Systems

Table 4 .  
- 

Disadvantages for NM W~~~!~~~~,!a R e l a t i v e-t t Oj’ t t t ’,’el Rtnjto I t

1. Lower Resolution
2 , Higher Glint
3. Lack of Re levant Data
4.  ¶

~1~~~~~~~ çi Detect ion Less Se ns i t i ve
5. Component Technology Currently Worse
6. NMMW Laser Sources Less Effioient
7. Solid Stat, and Tube Sources Chirped , i,ess Monochromatic Than Optical l~ist’t ii
8. Components Currently Larger and Heaviem

A t moiq~ht’ t- to oft oct s

W hereas the NMMW r o~~ion o f f  erg an advent ago over opt cal systems dot t t t * i  ,tdv, ’t tmt ’ i-, ,-o t itt ’ m
clear weather NMMW propagation su f fe rs  greater ,mt tenuat 1(111 than e’x po t  to i t t~t~~t lit t he’ It i
visib le reg ion, and is , in addit ion, for most systems rest I i t - t o t  t o  sp,’ct iol windows. fbi,-
NMMW region has stronq O~ and 1120 absot-pt Ion 1 ities w i th  water  the too iou .ih’sot 1101 . fletweefl
these broad lines lie the transmission window,. I tottir I shows the f ts ’t t 1 ’u l t - t a i , l ttt ’ I i ttta(  tOll

• across the 1*1MW region from 100 C,IIz to 1000 GH.’ at sea love’ i and 4 km a lti t tt .to 4, Af- .o
shown a the weak 0 2 absorpt ion at sea level. Because of t h e  st rong ai.~ o r pt t on  a t  t ill’
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tents applications. Near millimeter wave attenuation by aerosols is highly dependent on the
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Figure 3. Summary of sea-level atmospheric attenuation [6J.

type of aerosol and its particle size distribution and concentration. Table 5 shows the
size range and concentration of water droplets in rain , fog and clouds . It can be seen from
this table that the larger size range of rain droplets (7-700 Urn) would cause significant
scattering losses at near millimeter wavelengths were its concentration not extremely low
compared to the concentration of water droplets in fogs and clouds. For both rain and fog ,
the attenuation is an almost linear function of bulk water density with the frequency de- -~~ 

-

pendence for attenuation in rain being negligible over the NE-IN spectral region front 94 to
340 GHz.

Tab le 5. Comparative Water Droplet Size and Density
For Ra in, Fog, and Clouds [8, 9, 10]

II.n nit

Llti t,t Inio,in-l tnt Iint t S Cto udbu rst
( r - .  I nnnn i.r) (I’ S 4 cent itt) ( r•  2 i  n,ni ltr) (r. 100 nice i t t)

Size flangn, (O ft )  7 • 100 10 — 30t) 10 — SlAt 50 — 100

Droplet Density (~~~2) 350 500 100 1.2 itt

%t~Iter Density (g-ni ) 0.04 0,17 1.0 4.2

Fog

ThIn (vis. — 300 in) ThIck (~~t i ,  — SO rt)

Onto H nge (, m) 0.1 0.02 — 0. 2

til-o1’kt Den.ity (in 3
) 2 ’  1010 s lo l l

it tier Iit-n,,l0 (g I1l~ ) 0. 023 0 .35

i. maids

CunnuloflulitInus Cnuiinnluz Cangi-stus Fair ttoattln’r Cumulus Str~Io C,nnnndus

Size R4n00 (am) — 4 • 12 3 — 5 2 — 4

Droplet Density (in
3
) — — 1.6 ‘ 10

0 3 lO t

V nalc r Density ( gn i
3

) 6.0 2.5 0.5 0.2

For aerosols resul ting from smokes , dus t or other battlefield—generated debris, the
att enua t ion  is pr im a r i l y  due to sca tter ing , and seconda rily to absorption . Preliminary
indica tions7 are that propagation through existing screening smokes is very high , and that
the development of effective smokes for the NMMW region is questionable because at the
difficul ties involved with generating and dispensing smokes with the appropriate particle
size distribution and settling rate. Attenuation of millimeter radiation by ground ox-
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plos ions of munitions has been shown to be relatively high for short periods of t ime 7 . 2 
-

A lthough the attenuat ion cleared much faster for NMM waves than for the 1k/optical bands ,
neverthe less, loss of NMMW track or acquisition of a target could occur during a barrage
or cr i t ically placed explosion so that these effects must be considered in greater detail
in the future .

It is important at this point to demonstrate millimeter wave propagation under condi-
tions ot high absolute humid ity and high bulk water content , since these are the cond i-
tions under which all military systems are expected to operate. Examples are given for
the three cases : clear weather (high absolute humidity) , rain and fog .

Clear weather

In high visibility conditions with a lack of precipi ta tion and fog , the attenuation of
near milli meter radiation in dB/km is directly proportional to absolute humidity . This

- linear rela tionship is shc~jn in y’iquro 4 on a plot of temperature-humidity data which was -
abstracted from a psychrometric chart. Table 6 shows the two—way path loss for a range
of 3 km a t f requ encies of 94 , 140 and 220 GHz for various atmospheric conditions. Note
that the attenuation of 220 GHz radiation is very high for warm , humid conditions although
the total p th loss is only 18 dB (3 dB/kn) for the standard atmosphere (T = 300°K ,
~ 7.5 g/m9).r is , __ -~~~——_ _ —_________

2 0 -  /
is 5 -  

‘

t o ,  /
i t

S 

,

I
I 

~o

j t O ~~~~~n~~~ / ‘5 it 4
3 I I
n S J/

/ ~ff 
20  ~~

• 3 
-

/ “
/

4 °~ - ~~~~~~ 
I;

: : 

~~~~~~~~~~~~~~~~~ 
~~~

IIMPSRATIJME (‘t i

Figure 4. Atmospheric absorption by water vapor.

Table 6, Two-Way Path Loss In dli For Atmospheric Attenuation Over A Range of 3 km
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The impact of those attenuation figures on system design can be shown by solving the
radar equation for a t yp ical set of system parameters; the radar range equation is of -

the f o r m

P nG 2 A 2 a
S/N a p T (1)

( 4 r ) 3 R~ KTN f L..f

where P0 peak power of the transmitter; n — pulse width of the transmitter (it
h~s been assumed that the receiver bandwidth l/t); G — gain of the trans-
mitting/receiving antenna; S free space wavelength ; 

~
ip radar cross sec-

tion of the target; R a range to target; K — Boltzmann s constant; Nf a noise
figure of the receiver, and L7 a total radar system loss (a tmospheric & signal
processing + waveguide and components) .

Assuming the following parameters :

— 200 n~ec.; = 1.3 mm (~~~0 GItz) ; c a 47 .6  dB (6” aperture with t~ a 0.5) ;
UT — 50 m~ ; KT — 4. 14 x 10~~~L (T a 300 K) ; L5 — s ignal processing loss — 3 dB;

a waveguide and component loss 8 dB; Nf 12 dB.

we may wr i te

S/N(dB) a P,J,(dBW) —40 log R(km) — 2a(dB/km)R(km) + 15.2

Figures 5 arzi 6 s)-icwo S/N vs R for different values of 
~T for atmospheric ~~nditions of T = 27 UC axxl ~ - 7.~t

gAn3 (staMard atxiosphere) az~~ T a 30°C and p a 28 gftt3 (relative hunidity ~d 80%) . For these tiso cases ,
Table 7 shews the peak ~x~~r versus range required for S/N — 14 dB (P a 0.9, P a l0’

~~). Note that for
- I large a, the S/N vs a curves are very steep, and only ~iial1 changes i~ range oc~~r for large changes in Ii t~’

at a given S/N. With a maxinun peak pcs~er of 10 kW, for exanpie, the high visi bility range will, be limited
to abont 1.5 km on a wai-m ht,miid day, and to aMut 3 1cm on a warm dry day. ~~~se calculations are for single
L*i.lse tran~nission only.
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Figure 5. Performance of a
pulsed 230 GHZ system on a • 1 LW
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Figure 6. Performance of a 230 GHz pulsed system on a warm , humid day . 
•

Table 7. Required Power To Achieve SIR a 14 dB

Warm , Dry Warm , Humi d
T a 27°C, p = 7 .5 g/m T a 30°C , p a 28.0 g/m

Range 1km) PT(KW) PT(KW)

1.0 0.1
1.25 1.0
1.5 7 .2
1.75 47 .0
2.0 0 .2  2 8 4 . 5
2 . 2 5  0.4
2 .5  0 .9
2 . 7 5  1.8
3.0 - 3.6

Al though the performance of a system operating in the 230 GHz window degrades rapidly
in warm humid weather , in many parts of the world these conditions are present for only
a small percentage of the time. An example is the climatological conditions of Western
Europe. Figure 7 shows the attenuation for three near-millimeter frequencies based on
the mean maximum daily temperature and relative humidity for ~ayreu th , West Germany .
These data predict that the mean attenuation during the summer months will be less than
7 dB/km , and for this figure , a range of 2.0 km would be possible with a 10 kW pulse
source.
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Figure 7. Millimeter wave atmospheric absorption by water  vapor - Bayreuth, West Germany .

Rain. Although differences exist in predicted rain attenuation for the NM?4W reg ionU, mos t
models predict the following relationships :

n (dB/knt) — Ar5 , ( 2 )

where A and B are constants for the frequency region 94 — 340 GHz , and r is the rain rate - t-

in mill imeters per hour. Based on the available data, the relation

a(dB/km) r°85 (3) 
1 -

prov ides a reasonably close fit throughout the NMMW spectrum. As might be expected , a warm
rainy day will be a problem for a system at 220 GHZ because of strong absorption by both
water vapor and bulk water. For example at T ~ 26 .7° C (80°F ), and r 4 mm/hr. (a moderate t

r a in  ra te), the attenuation is 11 dB/km (water vapor) plus 3 dB/km (rain) or 14 dB/km total. -
~ 

-

Figure 8 shows the S/N versus range at three power levels , and again it is evident that for
a given value of S/N, large increases in power result in small increases in range. For
this atmospheric condition , a peak power level of about 50 kW would be required for a range
of 1.5 km at S/N — 14 dB whereas a range of about 1.2 km would be possible at the same - -  

—

value of S/N with only S kW peak power. An order of magnitude increase in power only re-
sults in about 0.3 km increase in range for this condition.

~~~~~. Attenuation of NMMW radiation by fog is also dominated by bulk water absorption,
although a slight frequency dependence is also present. A good fit to available fog
attenuation data is provided by the expression

ci(dB/km) — 0 .035  ~(g/m 3 ) f 1”03 (C.Hz) (4 )

This relationship along with the optical visibility is shown in Figure 9. For a 30 meter
visibility radiation fog, with liquid water content of 0.75 g/in3, the attenuation by water
absorption at 230 GHz is approximately 9 dB/km. As shown in Figure 7. the mean maximum
daily temperature of Bayreuth , West Germany during the winter months (the season o~
greatest incidence of fog) is about 0-4•C; therefore a reasonable fog scenario is 30-100 m
v isibility with temperature 0— 4 ° C, for  which the attenuation at 230 GHz would be approxi-
mately 4 dB/km to 11.5 dB/kni. These conditions have bean bracketed by the calculations
presented in Figures 5 and 8. It is significant to point out that a 100 m visibility fog
at T — 4° C (40°?) results in an attenuation of only 4.5 dB/km at 230 CHz compared with
about 50 dB/km in the 8-12 um band and about 150 dB/km at a wavelength of 0.6 urn .

-_ _

61



— — -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - —_ J  

- - - - - - - -

-iQ - 
-‘

\ \ - (dH/km) • 0 035 ,,(gfm~ ) (1 ‘08(GHz)

\ \ ~~• 14 dB/km

\ \ Rain • 4 vr,/hr.
30 Temperature • 801  It) —

7 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

P
~ 

. 50 KW ~~ 0_ i 1
• 5 K W  3 • 

-

~P
1 • 500 w LIQUID WATER CONTENT (g/n

1 .0 

RANGE (kit) 

2,0

Figure 8. Performance of 230 GHz FigUre 9 . Millimete r Wave attenuation
pulsed system in rain, by fog.

A summary of atmospheric propagation data , convenient for system calculations , is
given in Table 8. The majority of information presented thus far has dealt with atmo-
spheric effects appropriate to radar or communication applications . An equally important
consideration is the influence of the atmosphere and environment on radiometric signals.
When observing a target in its surroundings , it is important to know the brightness tem= - -.

perature contrast between target and other objects. This contrast is a function of fre=
quency , the atmosphere, and target and background characteristics (reflectivity, emissivity,
etc.). The antenna temperature of a radiometer looking downward from altitude h at an
angle  tl to the vertical is given by

TB = T(z)exp [—t (h,:,0]a(z)secOdz

+ a ex~~
_
~r (ooh~O))çf 

T (z)expt—-r(z,o,O)3-s (z)secedz

+ (l
~
R)TE exp[—r (o,h ,0))

-

(

where T is the temperature of the earth- ~~ ground-based target and ?(z) is the temperatureof a st~ atum of atmosphere of thickness dz located at altitude Z.  The terms of the form
i(Z 1, Z~~,0) are the optical depths between altitudes Z1 and at anqle 0 , and R is the
ref tectxvity of the earth or target. The optical deptfis T are given by

- - - . .  ~~~~~~~~~~
- -
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Table 8. Summary Of Propagation Data

Attenuatiofl, a (dB/ km),
Wa ter Densi ty,  p (g/m~)

a Clear
R d .  Uumidity a Fog ~ Fog a Cloud

— 100% Radiative Fog Advection Fog a Rain Fair
T 32° F 68°F Rv — 40Dm 200 100 30 400 200 100 sm/hr Weather Nimbo—

A (urn) p — 4.8 17.4 p — 0.014 0.038 0.11 0.71 0.063 0.18 0.4 1 4 10 Cum. Strat . ,

1 80 500 95 570

4 120 640

10.6 0.3 1.2 7 20 58 373 17 63 140 1 2.6 6 50 500

337 50 185 0.6 1.5 4.3 28 2.5 7.1 15.8 1 3 7 3 20

724 10 37 0.3 0.9 2.6 17 1.0 4.3 9.6 1 3 7 2 7

880 7 24 0.3 0.7 2.0 14 1.2 3.5 7.9 1 3 7 1.5 6

1300 2 6 0.2 0.5 1.4 9 0.8 2.3 5.1 1 3 7 0.8 4

2300 1 3 0.1 0.2 0.6 4 0.4 1.0 2.2 1 3 8 2

3200 0.2 0.9 0.1 0.2 0.5 3.2 0.3 0.8 2 1 3 8 1.5

Notes: (1) for a
CLE~~ at other Rel. Hum., scale down from 100% given :~

(2) for a fog situation, TOTAL 
_ a

CLEAR 
(RH — 1002) + o~ (likevise for clouds) 

-~ 

- 

-

(3) f o r  a rain situation, aTOTAL 
_ a

CLE~~( (RH — 100%) +a R

2 ~~
- - 

-

t(Z1, Z2, 0)  f  a ( Z )  sec OdE (6)
El

so that the first term of Equation (5) is the contribution of the intervening atmosphere
between the radiometer and target, the second term represents atmospheric emission re—
fiected fran the target~~ the radiometer, and the third term is the target ’s emission atten-
uated by the atmosphere between the radiometer and target. The target or earth background - -

ref lectivity is given by R, the target (earth) temperature is TE and the atmospheric atten-uation is a(Z,v). It is seen from these relations that not only atmospheric absorption
by 02 and H20 is important, but hydrometeorite absorption and scattering and atmosphericthermal emission are also determining factors for the radiometric antenna temperature,
which is reduced further in value when the target fill factor for the antenna is less than
one.

Preiasner12 has shown the brightness temperature contrast for different weather con-
ditions and different materials for the microwave through NMMW spectral region. Figure 10 -~~ —

demonstrates the brightness temperature contrast between vegetation and c~ncrete for
three different altitudes for a clear standard atmosphere 

~°H 
= 7. 5 g/m , P = 20° C and

P = 760 imnHg at sea level). At all altitudes given, a detecta~2e brightness temperature
contrast exists, except poss~b1y at 230 GHz for 3 km and 8 km, where the temperature con-
trast is on the order of 3—5 K and the minimum detectable temperature is approximately
0.5—3° K for a 1 GHz bandwidth and a 10 msec time constant. Figure 11 shows the bright-
ness temperature contrast (concrete and vegetation) for a radiometer at 3 km altitude for
several atmospheric conditions. Rain severely degrades NMMW radiometric response and fog
of visibility of 100 m or less -results in considerable loss of contrast. A more signif-
icant indication of radiometric capability to detect a military target is the brightness
temperature contrast for metal relative to vegetation . Figures l2a and 12b show contrasts
for metal, water and concrete relative to vegetation. For metal, detectable con trasts
are observed for all conditions except the 25 mm/hr rain. It must be emphasized , however,
that ,  for metal, reflectivity of 1 has been used and no fill factor reduction has been H
employed . Both conditions are unlikely . Systems applications require further consider-
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Potential WM?4W systems applications

Se -i- o ral  NMMW mi l i tary applications have been investigated in recent years. Of these ,
some have net shown advantages over the equivalent system operating in another spectra l
region , wh e reas  some have suf ficient promise to warrant initiation of experimental

- - development of prototype systems . Among the potential systems applications which have
been studied are the following 1 - 3 ;

- j 1. Beamrider systems
2. Terminal hont i ng
3. Tarqet desiqnation and semi—active homing
4. Command guidance
-,. Target surveillance and acquisition
o. A c t i v e  NMMW quasi—imaging
7. 1.0w ~in~;le tr ack ing
8. 1FF systems
9. Ai rborne  passive imaging
10. Aircraft detection from satell ites
11. Boost phase plume detection
12. Re-entry applications
13. Secure communications
14. Mine detection
15. Obstacle and terrain avoidance
16. Space object identif ication (SOI)
17. Fu z i n g
18. Hybrid (IR NMMW ) systems

The details of the investigation of most of these systems can be found in the ref erences ,
and only a selected system , the N MMW beamr ider , and brief statements on others will be dis-
cussed in this section.

Beanrider
19 20 21

A beamrider guidance system ‘ ‘ is def ined  as a technique for gui ding missiles
which utilizes a beam directed into space, such that the beam axis forms a line along which
it is desired to direct a missile . The missile contains equipment that can sense the
direction and magnitude of the error when its path has deviated from the center of the beam ,
and that can generate guidance error signals which cause the missile to return toward the
center of the beam. In pr inciple, a beamsr ider system can be employed in surface-to-surface ,
sur face— to-air , air- to—air , and air-to-surface roles , although it is potentially more
ef fec t ive  against slowly mov ing targets. The basic elements of a beamrider system are the
same for each of the roles bu t the str ingency of the requirements p laced on these elements
will be determined by the particular applications. For the purposes of interest here , a —
sur face-to-surface anti-armor role has been emphasized as an example of a credible appli- - :
cation of N MNW guidance. - -

In the beamrider concept adopted as an example for this study , the target is acq u ired
and tracked by a precision near millimeter wave (NMMW ) radar with a conical scan antenna .
The m iss i le is laun ched towar d the targe t along the conical scanning tracking beam , which
is coded to orovide information on the position of the missile relative to the scan axis
which defines the line-of—sight (LOS) to the target. A receiver in the rear of the missile —

detects the scanning beam , decodes it to determine its position with respect to the scan -

axis, and generates the appropriate error signals to keep the missile in the center of the
beam. In the conical scan mode , a rela tively simple PRF coding scheme can be used to
develop the requ i red  guidance error signals.

Figure 14 shows the NMMW beanrider guidance concept. The first and second beams are the
capture beams which establish line-of—sight (LOS) guidance as quickly as possible. The
basic functions of the beanirider system are target acquisition , target track , miss i le
capture and r’isSile guidance . -FI R S T B E AM - — “ _ -

-

RADAR IL
SECOND BEAM ,~~~- T ”  

~ 
- 
, 

/
~~~~

__•_

\

A~~~~~~~~
=—~ _~~~ ‘~~ - -

, - - / I - / , /

LAUNCHER ,. ~~~~:~~
:
;i .... . - , 

- / / , ,/~~~~
‘ ~1 

- /
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ - 1 -

- 

~~~~~~~~ ~//~~~ iRO BEAM

- 
/ - 

. 
_ _ _

- 
- 

/ 
•
// 

~~~~~~~~~~~~~~~~~~~~~

Figure 14. NMMW beamrider concept . ~OG . RA N  SMOkE 
- 

-

— ~~ ~~~~~~~~~~ - -- 

-
- 
~~~~~~~~~~~~~



____________________ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_._ -_- ____-_-.___-F_-——’--t_-—--- — — ‘~-‘r — —,—--- -,-c —

ic~~
- ~~

• The basic system configuration considered to be most desirable for a ground—to-ground,
anti-armor beamrider system requires that the entire system be a self-contained , crew—
served and vehicle-mounted package with an antenna aperture diameter less than one meter.
The candidate missile would be of the TOW or SHILLELAGH generic class, and would be tube—
launched from the tracking/guidance platform. This concept would require an integrated
target acquisition capability for performing target handover from a wide-area battlefield
surve illance system, and for establishing an autonomous operat ing capability over a
limited battlefield sector. The acquisition capability would of necessity require the
deve lopment of suitable target recognition criteria based on the near millimeter wave
target signature .

Nomina~~1system parameters relating to these requirements have been given as the
fol lowing

Operating Range — Maximum : > 2 km; Minimum : < 0 . 5  km
C ap t u r e  Range — Maximum: < 100 m
Weather and Environ-

mental Extremes - Rain:  4 mm/hr; Fog: 100 xmm vis.
Temperature: 90 - 100SF;
Relative Humidity : 80 — 100%
Smoke: Battlefield-generated dust and

aerosols; tactical screening agents
Acquisition — Search Sector : 50 x 25 °, movable scan sector;

Search Time: < 10 sec. -
~~

Miss ile Data Rate — 50 Hz

In add ition to these characteristics , a NMNW system should also satisf y the general re— - 
—

quirements of high reliability and maintainability , compatibility with existing equipment,
capability for CM hardening , minimum operator interaction and training, rapid fire capa-

— bility , and high first round probability of kill.

Based on these requirements , system concepts and estimated performance for a NMNW anti-
armor beamrider system have been addressed21- . However , the paucity of essential data for
target and terrain reflectivity and atmospheric propagation may result in an altering of
the performance calculations when those data become available.

The beamrider concept has been successfully implemented in the infrared , demonstrating
good clear weather performance . Currently,  there is an enthusiastic interest in the beam—
rider for the anti-armor application. The U. S. Army Ballistic Research Laboratory (BRL)
has succes~ fu ll y carried out a feasibility demonstration o’! beamrider tracking and guidance
at 140 GHz’°. and plans to repeat these experiments at 217 GHz. Efforts have also been
initiated at U. S. Army MIRADCOM to define and verify a baseline beamrider missile system - -

for anti-armor applications.

The critical performance parameters of any beamrider system are related to (1) high
accuracy centroid tracking of the target, (2) a temporal and spatial beam structure such
that the missile guidance is not biased by the ter:ain effects , and (3) a method of
capturing the missile at a range close enough to insure adequate damping of the missile ’s
angular deviations from LOS at the closest tactical range of interest.

The application of beamrider technology is most promising in the guided direct fire
anti-tank role with the radar and launcher borne by a land vehicle. The system as pre-
sently envisioned requires a relatively large an tenna (~ 0.6 m diameter), a precision
tracking moun t, and a dual beamwidth antenna configuration to accomplish missile capture .
It is not feasible to consider a helicopter-borne weapon system at this time because of
the size of the antenna/mount configuration : however , it may be possible to exploit optical
scanning techniques which involve stabilization of scan components to obviate the require-
ment for a large precision tracking mount. The anti-helicopter role could be considered
if the target exposure time is adequate to acquire and to accommodate the missile time—of-
f light. In the anti-aircraft role the end game maneuverability requirements on the missile
would be severe for crossing targets or for targets performing high G maneuvers; however,
such a system appears to he feasible.

In considering why a beamrider system should be investigated as the ini t i a l  concept for
NMMW guidance feasibility rather than another scheme , the following factors are influential:

(1) The guidance link is one—way, so that relatively simple video receivers are poten-
tially adequate for the missile link .

(2) Beanrider guidance has been demonstrated at IR and optical wavelengths in opera-
tional situations so that it is not necessary to go through a concept demonstration phase.

(3) Target cross section is high because the tracker looks at backscatter rather than
at of f—axis  scatter.
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(4) Since only the low Cost missile receiver i~ expended in f iring , the cost per round

could be’ siqni tica nt ly less than that for a missile vnq’ lcey lnq an act iv..’ seeker.
(5) ‘rho missile ’ is difficult to jam since the receivot  looks back at fiiend ly territe:y.
(6) I I  is possible to implement a multip le wavelength system so that wavelength opt i-

mization is possible for the acquisition , tracking and guidance functions.
( 7 )  The airframe could be optimi-~ed aerod ynamica l l y since there is no seeker t ;~ compli-

cate the warhead . Complexity of the on-board ‘tuidance and control is minimal.

The NMMW beamrider system must perform several functions in sequence , with the capabi-
lity for con t i n u it y or rapid han dover from one f u n c tion to the next . Th i s  system mus t be
capable of searching for and acquiring - a target over a limited field-of-view (FO’!)
fo l lowed by the target trackino and missile guidance . Handover from the tracking to gui-
dance modes must include .i missile capture phase during which the missile is launched
toward the tar~it ’t and LOS guidance ~ lon~i th e tracking radar beast is established . For
s imp l i c i ty , it is desirable that one system at a single wavelength perform the wrI t i i , ’
beamrider operation ; however , because of the comp lex ity of these m u l t i ple operations
(tarqe t acquisition , tracking , mis s i l e  capture and guidance) , the optimum con f iguration
mi ght require a multi—wavelength ;ytt t~~m .

Several approaches for implementation of the beamrider system have been investi gated 2
~- ,

Performanco in inclement weather is the most important consideration t~~: a NMMW beamrider.
For 94 CII: , 140 CtIz  and 220 GHz, an example of the ti-ansmittei- power requirement for
target acquisition as a function of range for rain rates of 4 and 16 mm/hr on a warm day
is ~iv~’n in Figure 15. The following parameters are used in the calculations for source
power:

94 0Hz 140 0Hz 220 GHZ

(ml 3.19 x i~
—
~ 2.14 x 10~~ 1.36 x

(die. — 0.6 ni; n — 0.5) 1.78 x 10~ 3.88 x l0~ 9.60 x 10~ 
—

,T (m 2) 30 30 30
LT 0.5 0.40 0.16
S~~ 3.1 (4.9 d~ ) 6.2 (7.9 d~ ) 38.9 (15. 5 ‘~B)kTB (B — l0~ Hz) 4 .14  x 10~ -~~ 4. 14 x 4 . 1 4  x i~~— ’~(dB) 4 7 15
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Figure 15. Power required for target acquisition on a warm day with n-e l ’ t -a t . . ’  t o  heavy s u n .
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Trade-of fa between search time , PRF , and antenna beamw idth must be conside: ed in ei~-signing a beastrider system. If a separate acquisition system i s  employed, the’ t eguited
S/N for tracking will be considerably improved by the inteqratton of additiona l pulses
during the tracking interval which is long with respect to the acquisition tat~ o’t dwell
t ime.

The curves of Fhiut-e 1’-. show that oniy the ‘~4 0Hz system is capable ot a an-:C of I
wi th ,o power of 1 k~ in moderate rainf all. The transmitter power requisens’nts h’s mj~~~i le -guidance are not as sei-e’re as those required for aequ~sition and t ra~-ktn ~t bo,’ztuso the
guidance link is a one-way path. It has been shown’1 that power levels 1-equlsed to t .e~-~;ui-
sition are more than adequate for guidance .

For a five year pro)e’ct ion ~f system per f o r mance , it would seem reasonable to  ant ictl ’ate
improved noise figures and decreased RF losses at 140 and 22 0  OHs. These pie Oct ions of
improved performance are listed below :

Frequency (0Hz) State-of-the-art 5 Yeat Pr~ , ee- t ion

1 RF NEP Nf L~~ NEP N1

140 4 dB 1.6 x io
—

~~
2 

~ d13 I dB io 12

220  8 dB 5 x io —12 IS dB dB 10 L ~~~~

The reason for projecting the same parameters for both t requanciea is that quasi-opt t~’al
components should show very little frequency dependence eves the sa tsS& ’ , and the cutof — - -
f requency  of Scho ttky barrier mixer s is presently about 3000 0Hz. - 

-

Target acqu isition, gu idance wi th ~-ideo detection and t rae’kitio have been ca lculated w i t h  
-

the projected parameters. For tracking, it is assumed that the t racking cr ie,  is

~m \ 3~ R(Tn 1

and a pulse integration gain of 17 dS iS also assumed .

The projected performance levels for acquisition and tiac king are shown in t’igure* lb
and 17 for each of the frequencies and a I kW source . C e t t e ’spending ciii yes t o t  guid.-ince
were not plotted because power adequate for the other two funct ions is more than adequate —

for guidance. These curves show some improvement over those of Figure IS ; in ~‘.-srticulus ,

they show that it is possible to achieve tracking and guidance at a range of 5 km undet
more stringent conditions than before.

The calculations in the study show that, neglecting angle .‘rs-er due to mu ltipath and
glInt , 94 OHs is the best frequency for a multifunctiona l t t a ~’kin q, ae - q o i s t t % ~’n and beam—
r ider guidance system using state—of- the—art  performance pat -ameters . Po~ a system dent i-
nated by multipath effects , either 140 or 220 OHs appears to be the prefe :  red choice t~~operat ing frequency ; whereas, w ithout the presence of multipath e ’ t t e et s , 54 CII: is a t ’et tot

— choice for development of first generation millimeter guidance systems . This result a to
be expected for performance dominated by propagation effects , since the absoipt ion din’ to
water vapor is much higher at 140 and 220 OHs than at 4 OH:. On the et het  hand , it w~ ul~t
seem that tracking accuracy would favor 140 es- 220 (iH2 in v iew of the re’disced beam ,Iiv,’s
gence at shorte~~~ ave1engths. ~1or a conscan tracker , the tracking e r r e s  due t o  therma l

- 
- noise is ~ ~B/i~

/W, and the \ S - N  decreases faster than as t b.’ wavelength ~:ees t o  2.14 mm
(140 0Hz) and 1.36 nsa (220 0hz ) due to the Increase in mtxer no ise t i g . s s~’ and a t m~~sh’he t  ~~— -

attenuat ion coefficients at the shorter wavelengths. Even tot- pre ’lee’t ions based on ext
lation of available source power and improved performance of quas i-op t i ca l  components , t h e
94 0Hz window is still slightly preferable in terms of tracking accuracy tot  a sys te m in
which multipath is not a consideration .

On the other hand , i f the m u l t i path model adopted is va lid , t ho r ,’  a t e  t~~d t s -~~t ion” that
9 4 OHs wil l  not provide adequate angle tracking error over typical tvh’ ..~-~ ex pected t o  ti~
encountered in tactical operations in adverse environments. 11 the t s , ’ n~t of those ,- u l e ’es-
la t ions Is consistent with projected performance from real is t ic te r :a in  models , .‘t’.’ s s t ion
at 220 OHs may also be necessary to insure an adoquate accurac l- for m is s i le  tmpa . ’t ,‘v,’t
the desired clear weather range of 1 km. If this is the  case, a veduceet l~ ’w i : s t h’ t l i t y
operating range wi l l  be incurred . Thus, amo nq the trade-of fs t o  ho consiJet.’~t w i l l  is’
that of adequate clear weather ope’t-ation against maximum sang. ’ of low v s s t l ’ s l t t ~ - ep.’s.ut ion .

— A 94 OHs system , for example, might perform reasonably wel l  ~woi .u l.°.. 2 km s in,:,’ s n t , ’ t i - u L
in a wide range of adverse meteorological and terrain condi t ions. where.u s -‘ .‘.‘~~ Of t ,  sys te m
might extend T:T T~ 1T ranqe
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Figure 16. Projected performance levels for Figure 17. Projected per formance levels
acquisition under different weather for tracking under different
conditions for a 1 kW source. The weather conditions, The con-
conditions are: moderate rain ditions are the same as those -~
4 mm/br, 80 F; heavy fog, 30 m given in Figure 16.
visibility, 40 ’F.

Prel iminary  sys tem studies have shown that millimeter guidance systems of fer  a poten-
tia l ly  significant improvement in penetration of adverse environments which limit the
visibility of “lectro—optical guidance systems . Fur ther , there is the potential for in-
proved accuracy with adequate penetration under adverse environmental conditions when corn- - -

pared to guidance systems operating in the microwave frequency band .

The state-of-the-art will currently support the development of operational breadboard
beamrider or command guidance systems at 94 or 140 GHZ. One such breadboard system has - -

been deve loped at BRL~
0 , and tests performed at both BRL and MIRADCOM on tracking and

guidance link operational simulations were found to be supportive of this millimeter
guidance concept. MIRADCOM is also supporting several contractor-developed millimeter
guidance systems which will involve development and tes t ing of both d if feren tial guida nce
and beamrider concepts. As a part of these ef for ts,  the evolut ionary development of cr i-
tica l subsystems such as the tracking radar and guidance link will provide a means for
perforniinq operational tests to determine multipath effects , measure target signa tures ,
and assess various schemes which have been proposed for missile capture; however , a very
significant concern is the development ~ f an appropriate target acquisition concept tot
an autonomous millimeter guidance system , and this and other critical technology issues —

are addressed in Table 9.

Is basic deficiency in the current millimeter technology base is the lack of measured
target , terrain and atmospheric data. Without these data , accurate quantitative estimates
of system performance in realistic tactical environments cannot be made with any degree
of confidence . Thus, the development of millimeter measurement systems operating in the
windows at 94 , 140 and 220 0Hz is a critical step in establishing their operationa l limi-
tations in terms of meteorological conditions and reduced v isib ility situations resulting
from smokes and other battlefield-generated aerosols. The acquisition of these data should
be a major part of a program to develop millimeter quidance systems. •
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Table 9. Critical Beamrider Technology Areas

~-~L1~.U!. RAT lOfiAtE 
__________

Sultipath kim its tracking accuracy; Degrades beam/ iso A radar/optic al l ’ Okr , , field yrobleris -
guidance frequency and terrain dOpOnd~nc~

waneloflgth Potent id of inpi-oved trackin g vs A ;  sourc e Iransmittpr/roceiyers; uccurate p r Id - l a -
Selection and detector p~rformanc~ dependence; multi- tier. i-*aiurer*nt s in SW.,kC , r a n  f~ q

Oath dopendence. opt imum search/acqu isition and high h u r I d i t y ~ support req ‘ re t eo - o l o j i c a l
wavelength measurements

Tarjet Reduce angle error and s ignal lo ss lransi’ii (t,-,-s ,-rrei ve,-s . Sig na l ProLessing;
Signaturi L Pulse-to- Pulse target r-ef lnc t in ,l, data;

functi on of target aspect

Ta rget ‘Hn* system function Cohorent systen rneasure,-.e- i to f - - IAcqu is it io n computer si CUfdti ~~n to  dete,-i-’ ne —*-:nal
prO~cssieq rpquired , e.i. 511 , nibra (,on~l
s ig natur es,  and

CapL~are Req u- r.i for init iation of miss i le  guidance Determine reqnired boa- ’ ‘ f i l e  ~s ,-anQC
- for capture; neur f ield - - - u -  o--i,’,if ; dfter- I

line concepts for m u lt ifunctio n al capture/
track/guidance

Acceleiat.,on Required for m issile receiner Trade-off v ioo supOrhptCol5mi . I , ,- nr ss i le
iiirdennd receivers , test diodes under sh, t . siriulate,i

Schottky Diodes flight conditions

Near -a-’ wane Required for lou loss sy~ ten Quasi -Opt ical approach - circulators.
Components isolato rs , “odul4tøri, anten na ~ ‘ve, an

scliemes .dip lesers . rotary Jo ints . livers.
local osc illators

Transmitte rs Sigh Power Stable Sources Required (I/ s y~ lnp-aT ts . develop sta b fli t i
techniques; chirp tecbniques~ gyrotrons -
long tern, sourc e

Target Need to provide high accuracy target iii :h precision track ing radar-spread spectrumTracking coordinates and maintain good pointing techn i ;es for decorrelati ’, ‘f targetp Techniques accuracy CC4ttir~r~ ; coherent , ~reqsren,r-~ uiiie system
Cl utter Information required for enhancement Of Pleasurn.-ients of TRPI%i Clutter -hu ’-u l rr is t icoCharacteristics targ et—to—clutter signal s terrain mas king effects; establish ois-

cr imlna tion sChemes

Comments on other systems applications -

The above discussion of the beamrider indicates some of the factors which can influ-
ence the design and operation of a NMMW system. The same type of considerations must be
made for other potential NMMW systems. Only brief comments can be made hete on some of
these systems .

j  

Target designator and semi—active seekers

Target designators have been successfully operated at 1.06 urn in clear atmosphere.
However , during adverse propagation conditions (mainly fog and smoke) , the 1R designators

- 
- are ineffective . The existing IR systems , operating at 1.06 urn , have the advantage of

having all laser power incident upon the target. This is important since the r ef lec t iv it y
of terrain and vegetation exceeds that of the target at 1.06 um. For NMM wavelengths , two
techniques have been investigatedt3 ]: the case in which the tarqet fills the beans and the
more general case for long wavelengths in which the beam size exceeds the target dimen-
sions. Because target reflectivity is expected to exceed background reflec tivity , a
largest pulse logic is postulated for designation of the target in clutter.

Command guidance

The application of NMMW command guidance to anti-helicopter or anti-aircraft missions
appears to be feasible . Command guidance is also applicable itt a ground-to-ground anti-
armor role, but no clear advantage over Beamrider guidance is evident at this time . The
technology barr iers associated with this guidance concept are s imilar to those for the
Beamrider , and the general conclusions reached for the boanridor guidance concept apply
to consinand guidance. The state—of-the-art can support breadboard system developmr’sst- at
94 and 140 OHs, and additionally, the window at 220 GHz appears to be applicable i f  source

- 
- development evolves as projected by current technology .

Target surveillance and acquisition

For the successful operation of battlefield NMMW sys tems , i t  is important that taiqe i

acquisition and surveillance techni ques be appl icable to N~tMW systems . This would pro vide
autonomous operation. For the optimum weapon system , several combinations of ds! ierc’nt
wave length sub—systems must be evaluated to obtain the optimum combination of surveillance’.
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acqu isition, and guidance . Among the systems that have been identified as potential NMMW
app lications are:

— battlefield ground-to-ground target- acquisition ;
— airborne surveillance by RPV radars of land—based targets;

long—range surveillance and target acquisition ;
target acquisition for NMMW airborne missile seeker systems;
horizon search radars;
shipboard surveillance radars;
track—while-scan systems for short-range self-defense systems
(point defense)~

restricted scan target acquisition for missile systems .

A large number of equipment and technique developments are necessary to ascertain the
appl icabili ty of ~rir i waves. Techniques for search , recognition and classification have
been identified [3) but more detailed investigations are needed to implement these tech-
niques. Greater transmitter power, improved receiver sensitivity, new low—loss components
and li ght—we ight rapid--scan antennas are necessary. Source stability for coherent oper-
at ion must be greatly improved . For implementation of the recognition/classification
techniques , target character istics, clut ter  e f f e c t s  and atmospheric e f f e cts are among the
phenomenology that must be thoroughly docursented.

Boos t phase plume detection

Calculations have been performed to determine the feasibility of detecting missile
plumes dur ing the boost phase of the vehicle [22]. In the altitude regime of 30-100 km , -~~
it has been shown that , for a solid propellant system , molecular species , e. g. H20 and
tI Cl , emit to permit radiontetric detection f r o m  aircraft  or satellites. Airborne radio-
metric observations are required to confirm predictions. The necessary passive technology
is deve loping but must be extended to wavelengths as short as - 3 5 0  urn. Independent

— analysis of the bus stage indicate that spectral line opacity is sufficiently high to be , - -
detectable in occultation against the earth’s radiation .

Conclus ions

From the studies ~-ftiich have been per~ ors’er’ , it can be conc luded that the N MMW reg ion
of fe rs  a compromise ~or good resolution under adverse propagation conditions. Most sys-
tens , which have !y’-~n investigated , profit °ro’” the narrow antenna beams ava i l ab le at NMM
wavelengths , bu t are limited by atmospheric conditions . In some cases , the range limita-
tions imposed by the atmosphere serve a~ an advantage for convert operation . -‘ 

-

In order to uti1I-~o the NMMW spectral rec-ion properly, considerable technology mus t
be developed . Hjr’~i -’,ol?er sources , low loss components, precision antennas , sensitive
receivers and stable local oscillators are :)riOr ity devices to allow systems operations
to be performed at T’~~ t~avelengths. For man ’ systems , highly coherent transmitters are
required . This neces3itates development of ?~1ase—locking and injection—locking technologyfor high-power source~~. A driv ing force iii extending military operation to NMt4 wavelengths
is the prospect of srall—size systems where s~ace and antenna apertures are limited . Low
cost , which is not a current characteristic of ~IMNW components , is expected to be an ulti- -

mate achievable goal.

One cannot ex’~cct to achieve everythine that a system demands by emp loying NMM waves ,
and those working in tte field are not doinc’ this. Phenomenology in the form of atmos-
pher ic , terrain/clutte-- , target , and matei-i’ls characteristics must be thorough ly  deve loped
for comparison with 0-o rat ion at other wave lere- ths . Thus far , stud ies have estimated
certain characteristics and projected reasoncsblo operational parameters for devices. From ,~ —
the considerationn that have been made , o~ t i -~,ir- operation can be expected from hybrid
IR/NMMW systems which ‘;ill utilize the best o ° both spectral regions.

This work has been sponsored in part b’  the Harry Diamond Laboratories through the
Army Research Of f ice Co~itract No. DAAG 29—77 -- C- - f l 26.
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